Abstract-A computer-controlled treadmill and related data collection and processing systems have been developed for the control of heart rate during treadmill exercise. Minimizing deviations of heart rate from a preset profile is achieved by controlling the speed and/or the gradient of the treadmill. A simple and practical heart rate measurement algorithm has been developed to robustly measure the variations of heart rate. Both conventional Proportional-Integral-Derivative (PID) control and fuzzy Proportional-Integral (PI) control approaches have been employed for the controller design. The fuzzy Proportional-Integral algorithm achieved better heart rate tracking performance. Finally, a heart rate based exercising protocol was successfully implemented on the newly designed exercise system.
I. INTRODUCTION
In sport training, medical diagnosis, rehabilitation and analysis of cardio respiratory kinetics, automated exercise testing systems have revealed their growing importance [1] [2] [3] . These systems can fully implement programmed exercise and training protocols to achieve desired exercising and testing results. The major aim of this study is to develop a computer controlled treadmill system, which can control the heart rate of the subject according to a preset heart rate profile. Some commercial treadmills are already available which offer heart rate control. However, these normally use very simple control strategies, their control performance is poor and they have no mechanism for setting a desired heart rate profile. In this paper we describe a treadmill exercise system which can automatically control the treadmill speed and elevation to accurately track a desired preset heart rate profile.
Conventional PID control is the most popular control algorithms in industry due to its simplicity in structure and ease of tuning. However, an acceptable control performance may be difficult to achieve when the controlled systems are highly nonlinear.
Many physical systems are either highly nonlinear or too complex to control with traditional strategies. However, if an expert can qualitatively describe a control strategy, one can use fuzzy logic to directly translate from the linguistic control rules developed by the expert to a rule base for a fuzzy logic controller. It has been shown that a fuzzy controller can be very effective for controlling a system of unknown structure and nonlinear behavior [4] [5] . In this paper, both conventional PID and fuzzy PI [6] control algorithm have been applied for controller design. Fuzzy PI control resulted in better control performance.
In the next section, we introduce the overall system as well as fuzzy PI control. Section 3 presents heart rate regulation and tracking results achieved. Final conclusions are discussed in Section 4.
II. SYSTEM DESIGN
The computer controlled treadmill and its related data collection and processing system are shown in Figure 1 . The treadmill used in the system is the Powerjog "G" Series fully motorized medical grade treadmill manufactured by Sport Engineering Limited, England. Control of the treadmill can be achieved through an RS232 serial port. The treadmill can receive commands from the computer controller via this link, and obeys such commands without supervision.
There are two main challenges for the control of heart rate. Firstly, the heart rate should be measured with an acceptable accuracy in the presence of external disturbances. Secondly, a suitable control algorithm should be designed to achieve a close match between the exercising hear rate and a desired profile.
A. Heart Rate Measurement During exercise and training, we need to collect as much information as possible. Some signals are sensitive to environmental disturbance such as mains frequency noise and electromagnetic interference (EMI) from electrical motors and controllers. This kind of disturbance has been considered during hardware design.
The measurement of heart rate in the designed control system is implemented using a wireless Polar system. This wireless transmitted signal has been shown to be sensitive to environmental electromagnetic interference. The motor and generator circuit of treadmill produces high frequency (radio frequency) electromagnetic disturbances. The frequency of the generated disturbance is related to the speed of treadmill. It was observed that when the speed of the treadmill is greater than 2.9 km/h, electromagnetic interference significantly disturbed the polar wireless heart rate measurement system. To overcome this problem, a simple RC EMI filter was applied to directly suppress high frequency noise at the input.
Even in the absence of external interference the heart rate can vary substantially over time under the influence of various internal or external factors [7] . Normally, a moving average filter can be applied to calculate the average (filtered) value and minimize heart rate fluctuations. However, in dynamic control systems, the most current values tend to better reflect the state of the process. A filter that places more emphasis on the most recent data is therefore desirable. An improved exponential weighted moving average filter together with a simple outlier detection algorithm is presented in this paper for the estimation of the heart rate.
Specifically, the control computer collects heart rate signal from a Polar receiver through an analog input (AI) port every 2 seconds, and calculates beat-to-beat interval of heart rate by using an edge detection algorithm.
Assume { k x } is the sequence of the measured interval of heart rate. We apply the exponentially weighted moving average filter to the sequence { k
The sequence of values k x is the filtered version of the original sequence. In the exponentially weighted moving average filter, the filter coefficient 1 0 dictates the degree of filtering. When 1 and a large number of points are being considered,
. This means that the most recent measurement does not play a part in the calculation of the average. With the decreasing , the filter places more importance on more recent data by discounting older data in an exponential manner. On the other extreme, if 0 ,
. This means that virtually no filtering is being performed. In this study, the value of was selected as 0.35, to achieve the best filtering effect.
Only measured intervals within a reasonable range (for example, between 0.3 and 1.1 seconds) were counted in the measured sequence { k x } in order to remove outliers.
B. Controller Design
In our computer controlled system, we can select speed and/or gradient of the treadmill as control inputs. It was observed that the heart rate and the speed (or gradient) of the treadmill are related at steady state by a strong nonlinear relationship. To avoid a strong nonlinear relationship between inputs and outputs of the controlled system, the beat-to-beat interval (secs) instead of the heart rate (bpm) was selected as the controlled output. Because the response time of heart rate variation is much longer than 6 seconds, the sampling period of the control system was selected as T=6 seconds.
In this study, both PID and fuzzy PI control of heart rate was designed and tested. The block diagram of a typical digital PID or fuzzy PI control system is shown in Figure 2 . The PID controller is widely used in the industrial application due to its simplicity. The discretized and incremental form of the PID type controller is expressed by In order to improve the control performance of the above PID controller, a simple fuzzy PI control was developed which required no additional hardware. The structure of the fuzzy PI controller is shown in Figure 3 . In Figure 3, The fuzzification module converts the inputs into fuzzy sets, in order to make it compatible with the fuzzy set representations in the rule-antecedent.
There are four rules for fuzzy inference modular in our designed fuzzy controller: We apply the MAX-MIN method to implement fuzzy inference. The "center of mass" [8] [9] formula was used to implement defuzzification.
We can use the approach provided in [9] to prove that the above simple fuzzy PI controller is equivalent to a nonlinear PI controller whose proportional and integral gains change with ) ( * k e and ) 1 ( * k e .
III. HEART RATE REGULATION RESULTS
The speed of treadmill was initially selected as the control input. The step responses of heart rate control by using PID and fuzzy PI control are shown in Figure 5 . It can be seen that fuzzy PI controller achieved better performance than conventional PID control.
The gradient of the treadmill was then used as the control input. The step response (fuzzy PI control) is shown in Figure 6 . It can be observed that the heart rate has small fluctuations when the treadmill gradient is selected as the control input. Another potential advantage is that this control mode can be applied to investigate the relationship between the subject's metabolic energy expenditure and their walking pace and heart rate. Figure 6 . Control of heart rate by changing treadmill gradient.
Finally, a fuzzy PI controller was used to track a preset desired heart rate profile. The profile includes three stages: 5 minutes increasing (from resting heart rate to 110 beats/min), 15 minutes holding (110 beats/min), and 5 minutes decreasing (from 110 beats/min to normal.). This is comparable to heart rate profiles recommended for optimal aerobic training at about 60% of maximum effort. Figure 7 below demonstrates that quite satisfactory tracking of the desired heart rate profile was achieved. Figure 7 . Heart rate tracking for an exercising heart rate profile.
IV. CONCLUSION
In this study, an automated heart rate regulation system for exercise on a motorized treadmill has been developed. Good heart rate tracking results were achieved using a computer control based on fuzzy logic control. We believe that the ability to track a predetermined heart rate profile may be useful in cardiac rehabilitation programs or for safer exercise for individuals at risk. In the next step, model based control approaches will be investigated to further enhance the performance of heart rate tracking.
